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Abstract

as-grown boron sheets.

Very recently, borophene (atomic-thin two-dimensional boron sheet) has been successfully synthesized on the Ag(111)
surface by deposition. Two kinds of structures were found. However, the identification of the monolayer boron sheets
grown on the metal substrate, as well as the stability of different 2D boron sheets, is controversial. By performing the
first-principles calculations, present study investigates the atomic structure, stability, and electronic properties of the
most possible boron sheets grown on metal surface, namely, buckled triangular, 3,5, and x5 types of crystal lattice. Our
result shows that all the three freestanding sheets are thermodynamically unstable and all are metallic. On the other
hand, our result indicates the Ag(111) substrate stabilize these sheets. Additionally, our simulated STM images of these
monoatomic-thin boron sheets on Ag(111) surface reproduce the experiment observations well and clearly identify the
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Background

Since the discovery of graphene, two-dimensional (2D)
materials have become one of the most active nanoma-
terials due to their unique physical properties and poten-
tial applications in next-generation electronics and
energy conversion device [1-7]. Recently, a class of 2D
boron nanostructures has been discovered and attracted
significant attentions [8—21]. However, there was no evi-
dence that the 2D boron sheets could be realized experi-
mentally until very recently, both Mannix et al. [22] and
Feng et al. [23] made spectacular advances in realizing
experimentally the atomic-thin 2D boron sheets. The ex-
tended 2D boron sheet is called “borophene”, in analogy
to graphene.

During the last two decades, numerous 2D boron
nanostructures have been discovered [8—21]. Besides the
hexagonal sheet and the triangular sheet [20, 21], as well
as the buckled triangular sheets [8], other 2D boron
sheets with hexagonal holes, like the a-sheet [9, 18], -
sheet [9, 18], y-sheet [19], and g1/8 and g2/15 sheets
[15], were examined by the ab initio calculations. It was
suggested that the triangular planar boron lattice with
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hexagonal vacancies is more stable [9]. And a variety of
such triangular boron layer with different patterns of
hexagonal holes were reported by both the computa-
tional and experimental research groups [11, 13-16].
However, all of these monoatomic-thin boron layers are
higher in energy than boron’s three-dimensional (3D)
bulk state, which means that the 2D structure of boron
is disadvantaged thermodynamically. Thus, a sufficiently
“sticky” substrate is necessary to suppress the 3D nucle-
ation barrier to entice the atoms into the 2D route.
Recently, the formation of boron sheets on metal and
metal boride substrates has been explored by first-
principles calculations [24]; it suggests that the boron
sheets can be grown on the Ag(111) and Au(111) sur-
face. Additionally, Piazza et al’s [14] study provide ex-
perimental evidence that the monolayer boron sheets
are achievable based on their observations of Bsg cluster;
it was shown to be a highly stable planar cluster with a
central hexagonal hole [14]. More recently, two groups
[22, 23] successfully synthesized the atomic-thin, crystal-
line 2D boron sheets on a silver surface by directly evap-
orating a pure boron source via molecular beam epitaxy.
Mannix et al. [22] found two distinct phases of the
boron sheet on silver substrate using high-resolution
scanning tunneling microscopy (STM) characterization:
a striped phase and a homogeneous phase. Feng et al.

© The Author(s). 2017 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.


http://crossmark.crossref.org/dialog/?doi=10.1186/s11671-017-2282-7&domain=pdf
http://orcid.org/0000-0002-5291-0706
mailto:xlfan@nwpu.edu.cn
http://creativecommons.org/licenses/by/4.0/

Luo et al. Nanoscale Research Letters (2017) 12:514

[23] also found two phases of boron sheet, which look
quite similar to those reported in Mannix et al.’s report,
and they described the homogeneous phase with zigzag
rows of protrusions as xs lattice of boron sheet. On the
other hand, their interpretations for the stripe phase are
quite different. Mannix et al. [22] assigned the striped
phase as a buckled triangular lattice without vacancy.
But Feng et al. [23] proposed the stripe phase to be the
rectangular lattice displaying parallel rows of hexagonal
holes, which was known as the f;, sheet.

The exact configurations and properties, as well as the
applications of these 2D boron sheets, have attracted tre-
mendous attentions [19, 22, 24, 25]. It was reported that
the buckled triangular borophene is a highly anisotropic
metal with a high Young modulus along its armchair dir-
ection which exceeds that of graphene [22]. Sun et al. also
found that the lattice thermal conductivity of the buckled
triangular borophene is strongly anisotropic [26]. More-
over, Gao et al. reported that the ;5 borophene and x3
borophene may be another superconducting phase of
boron besides MgB, thin film [27]. However, the thermo-
dynamic stability of B;, borophene and x3 borophene are
controversial [27, 28]. According to Gao et al’s study, both
B12 borophene and x3; borophene are stable [27]. But
Penev et al. reported that both (31, borophene and x3 bor-
ophene have imaginary frequencies near the G point in
their phonon spectrums [28].

To provide a better understanding for the experimen-
tal achievable borophene, we systematically investigated
the possible atomic structures and their stability, as well
as the electronic properties by performing the first-
principles calculations. Our results indicate that ;5 and
X3 sheets are thermodynamically unstable. Additionally,
the configurations of buckled triangular, Bi,, and x3
sheets all show metallic feature. Moreover, we have sim-
ulated the STM images for the freestanding and epitaxial
monolayer of boron on the Ag(111) surface; we found
buckled triangular and ;, boron sheets on Ag(111) sur-
face both look as stripe phases but with little difference.

Computational Methods

The calculations are performed by using the Vienna ab-
initio simulation package (VASP) based on density func-
tional theory (DFT) [29, 30]. The projector-augmented-
wave method was adopted for the calculations of elec-
tron—ion interactions [31, 32]. And the electronic ex-
change—correlation interactions were described by the
generalized gradient approximation (GGA) using the
Perdew—Burke—Ernzerhof (PBE) functional [33]. Wave
functions were expanded in a plane wave basis with an
energy cutoff of 500 eV. The first Brillion zone were
sampled by 25 x 15 x 1, 15 x 9 x 1, and 11 x 11 x 1 k-
mesh for the buckled triangular, B, and X3 phases of
borophene, respectively. To simulate the 2D boron
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sheets, a vacuum space of at least 20 A is included along
the Z direction to minimize the interaction between the
periodic images. The convergence criterion was set to 10
> €V between two ionic steps for the self-consistency
process. All structures were fully relaxed until the force
on each atom was less than 0.02 eV A™', and the bottom
two layers of silver atoms were fixed. Phonon dispersion
spectrums have been computed by using the finite dis-
placement method as implemented in the PHONOPY
package [34].

The STM images were simulated using the Tersoff—
Hamann formula and its extension [35]. Briefly, assum-
ing that the density of states of the tip is constant, we
can approximate the STM tunneling current with the
local density of states, p(7’, E), as the only variable with
the following expression:

Ep+eV
(V)= / p(7.E)dE
Ep

V/i(T)z‘a(E_Ei)

p(7.E) =)

where p(?,E) is the LDOS on the sample surface, y,
(77)is the sample wave function with energy E; and E
is the Fermi energy. When the states in p(7,E) are
filled, it is also common to refer to p(?,E) as the
charge density of the states. The simulated STM images
were obtained using the constant current mode based
on calculated electron densities.

Results and Discussion

Figure 1 shows our calculated results for the buckled
triangular, P15, and x3 lattice structures of borophene.
Unlike the one-atom thin and planar hexagonal config-
uration of graphene, buckled triangular borophene
shows buckling along one lattice direction. On the other
hand, the structures of B;, and x3 borophenes are planar
without out-of-plane buckling. Figure la shows that
there are two boron atoms in the unit cell of buckled
triangular borophene. And the space group of buckled
triangular borophene is Pmmn. Our optimized lattice
constants are a = 1.613 A and b = 2.866 A, agreeing well
with previous theoretical and experimental results [22].
The B> borophene shown in Fig. 1b has filled and
empty hexagons along the zigzag direction; the corre-
sponding space group is P2mm. There are five boron
atoms in the unit cell. The lattice constants are 2.916
and 5.075 A along the 4 and b directions. The unit
cell of x3 borophene is rhombic, having four boron
atoms and the lattice constant of 4.448 A. Its space
group is C2mm. Table 1 lists our calculation results
on the lattice constants, which agree well with previ-
ous results [22, 23, 27, 36].
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Fig. 1 Top and side views of buckled triangular (a), B> (b), and xs (c) boron sheets. The green balls represent the boron atoms. The rectangles and
rhombus enclosed by solid black lines denote the unit cells. The letters a and b represent the lattice parameter

As shown in Fig. 1, there are vacancies in both {1, and x3
sheets but not in the buckled triangular lattice and the
number of vacancies in B1, and x3 borophene is different.
The vacancy concentration 7 is defined as the ratio be-
tween the number of vacancy sites and total sites (including
vacancy) in the unit cell; it is a quantity describing the
boron sheets from global and local points of view [9]. # is
1/6 in By, lattice and 1/5 in x5 lattice. Compared to the By,
lattice, Fig. 1c shows that the neighboring vacancy rows in
X3 borophene are shifted by half of the lattice constant in
zigzag direction, resulting in a planar of C2mm symmetry.

We calculate the average energy of each boron atom
using the following equation for the three structures and
use it to compare the relative stability of the three struc-
tures; this method has been applied in Ref. [23]

Erpg = Eborophene/n

where Eyorophene and # are the energy and the number of
boron atoms in one unit cell, respectively. Our calcu-
lated results are summarized in Table 2. It indicates that
the 1, phase is the most stable, while the x; phase is
the least stable with relative higher energy of 0.08 eV.
We then calculated the phonon dispersion spectrum for
the three phases of buckled triangular, P15, and x3

Table 1 Our calculated lattice constants a, b, and y for the
buckled triangular, 85> and x5 boron sheets. Previous results are
also listed for comparison

Previous studies Present result

a® b &) y ad b@A vy
b, 16171221 2872[22] 90° 1613 2866 90°
B> 2922231 5057 [23] 90° 2916 5075  90°
X3 4443[27] 4443[27] 38173°[27] 4448 4448 38182°

borophene. Figure 2 shows the phonon dispersion spec-
trums along the high symmetry directions. As shown in
Fig. 2a, there are three acoustic and three optical phonon
branches for the buckled triangular borophene. It also
shows imaginary values near the G point along the X-G
direction, indicating that the lattice is unstable along the a
direction, which explains the stripe formed along the a
direction in the experimental STM images [23]. In fact, re-
cent studies have suggested that the biaxial tensile and
uniaxial tensile cannot stabilize the freestanding buckled
triangular borophene even under the tensile stress of
0.08% [36, 37]. Figure 2b, c shows that there are also im-
aginary frequencies near the G point of B, and x3 phases.
Our results show that all the three phases of buckled tri-
angular, 15, and x5 are unstable.

We further studied the electronic structures of buckled
triangular borophene, 3, borophene, and x3 borophene.
The calculated band structures along the high-symmetry
directions are shown in Fig. 3. As shown in Fig. 3, all the
three phases of buckled triangular, 5, and x3 borophenes
are metallic. Particularly, for the buckled triangular boro-
phene as shown in Fig. 3a, three energy bands cross the
Fermi level: one is along the S—Y direction and the other
two are along the G—X direction. However, we have men-
tioned in the above sections that the buckled triangular is
buckling along the b direction, which opens a bandgap of

Table 2 Average energy for boron atoms in the freestanding
(Erg) and epitaxial (Egg) boron sheets on the Ag(111)

Previous studies Present result

b Biz X3 ba B2 X3 X3’
ErgleV/atom) /  —6231[23] —-6.19[23] -6.19 —-623 —-6.15 —6.15

Egg(eV/atom) /  —632[23] -635[23] -629 -633 —-632 —-635

The results for the buckled triangular, B2, and xs boron sheets are listed
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Fig. 2 The phonon dispersion of the a buckled triangular, b 315, and ¢ x3 boron sheets. The high symmetry points are shown on the left corner
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9.63 and 4.32 eV along the X-S and Y-G directions, re-
spectively. It indicates that the buckled triangular boro-
phene behaves as a metal with strong anisotropy and the
electrical conductivity is confined along the uncorrugated
a direction.

Additionally, we studied the atomic structures and sta-
bility of the buckled triangular, B15, and x3 boron sheets
on the Ag(111) substrate. The results are shown in Fig. 4.
The unit cell of buckled triangular borophene on Ag(111)
surface is the (1 x 3) supercell of freestanding buckled tri-
angular borophene and the rectangular 1 x (V3)R30°
supercell of the Ag(111) substrate. For the configuration
of B1, sheet on the Ag(111) surface, the unit cell is the unit
cell of By, borophene and 1 x (V3)R30° supercell of the
Ag(111) surface. Our calculations show that the ;> boro-
phene matches to Ag(111) surface (~ 1% mismatch) better
than the buckled triangular borophene (~ 3% mismatch).
The x3 borophene forms two configurations on the
Ag(111) surface, as shown in Fig. 4c, d, which are named
as x3 and x3. The unit cell of x5 is rhombus with lattice
constant of 2 = 8.67 A, and the unit cell of x5’ is ortho-
rhombic with lattice parameters of @ = 2.89 A and
b = 2502 A; it is the 1 x (5V3)R30° supercell of the
Ag(111) surface.

According to our calculations, the vertical distances
from the Ag(111) surface to the lower and upper boron
atomic layers of the buckled triangular borophene are
2.5 and 3.3 A, respectively, indicating the weak inter-
action between the boron sheet and the Ag substrate. The
B12, X3 and x3’ sheets all remain planar on the Ag(111)
surface, and the vertical distances between the boron sheet
and the Ag surface are 2.4~2.9 A. The results agree with

the measured thickness of ~ 2.7 to 3.1 A reported by Man-
nix et al. [22]. We compared the atomic structures of
buckled triangular, 15, 3, and x3’ phases of borophene on
Ag substrate with the counterparts of the freestanding
borophene and found that these four structures change lit-
tle. The buckling height / of buckled triangular borophene
is shorter from 0.910 to 0.857 A, and the B-B lengths are
longer about 0.1 A. Moreover, the hexagon vacancies in
the 1, borophene shrink along a direction, and those in
x3 borophene become little larger.

Similar to the calculation for the relative stability of
the freestanding borophene, we further calculated the
average energy of each boron atom for the boron sheets
on the Ag(111) surface via the following formula:

1
EEB = ; (Etot_Esub)

where E, is the total energy of the boron sheet and the
Ag(111) surface, Eg;, is the energy of Ag substrate, and
nis the number of boron atoms in one unit cell. Our re-
sult shows that the possibility of forming buckled tri-
angular, B1o, X3, and x3’ lattices on the Ag(111) surface is
similar based on their close energies. Additionally, the
energies of the borophene on the Ag(111) surface are
lower by 0.1~0.2 eV per boron atom relative to the free-
standing sheets. This means that Ag(111) surface
stabilize the borophene.

Figure 5 shows our simulated STM images for the free-
standing and as-grown boron sheets on Ag(111) surface, as
well as the partial charge density for the freestanding boron
sheets. As shown in Fig. 5a, the freestanding buckled tri-
angular boron sheet features stripes of bright spots. Figure

points are shown on the left corner
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Fig. 3 Calculated band structures for a buckled triangular, b 315, and ¢ x3 boron sheets. The Fermi energy was set to zero. The high-symmetry
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on the Ag(111) surface

Fig. 4 Top and side views of boron sheets on Ag(111) surface. a Buckled triangular, b B15, € X3, and d x3' boron sheet. The green and gray balls
represent boron and silver atoms, respectively. The rectangles and rhombus enclosed by solid black lines denote the unit cells of boron sheets

0000000000

5d indicates that the bright spots come from the p, orbit of
upper boron atoms. Figure 5b shows rows of dark round
spots surrounded by bright hexagons. Obviously, the hex-
agonal vacancies in {3, lattice shown in Fig. 1b result in the
dark spots, while the bright hexagons correspond to the o
orbits of boron atoms around the hexagon holes as shown
in Fig. 5e. As shown in Fig. 5¢, the X3 sheet displays rhombo-
hedra pattern of bright spots in dumbbell shape. These
bright dumbbell spots actually are the p, orbits of the two
boron atoms and the ¢ orbits formed between them.

The boron sheets on the Ag substrate all have larger unit
patterns relative to the freestanding ones because of the

mismatches between the unit cells of borophene and
Ag(111) surface. Figure 5g shows our simulated STM image
for buckled triangular boron sheet on Ag(111) surface. It
displays stripes of bright spots in spindle shape, which agree
very well with experimental observations [22]. Comparing
with the image of freestanding buckled triangular boron
sheet shown in Fig. 5a, the unit cell of STM image of buck-
led triangular boron sheet on the Ag(111) surface increases
to three times. And the shape changes to spindle from
round. The STM image of P sheet on Ag(111) surface
shown in Fig. 5h shows rows of dark oval spots surrounded
by four bright spots on its four corners. Different from the

2 RRRAA
2R RAAL
2 RARAA

Fig. 5 Simulated STM images of freestanding and epitaxial boron sheets on Ag(111) surface. Freestanding a triangular, b 35, and ¢ x3 boron
sheets. Partial charge density of freestanding d triangular, e 3,5, and f x5 boron sheets. g Buckled triangular, h (3,5, i X3, and j xs' boron sheet on
the Ag(111) surface. The bias voltage is 1.0 V. The green balls represent the boron atoms. The rectangles and rhombus enclosed by solid red lines
denote the unit cells of freestanding and as-grown boron sheets on Ag(111) surface, respectively. Experimentally observed k stripe phase in Ref.
[22], I stripe phase in Ref. [23], and m homogeneous phase in Ref. [23]
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image of freestanding {3;, sheet shown in Fig. 5b, the bright
spots come from the p, orbits of the boron atoms in the
center of hexagons. As shown in Fig. 5i, the 3 sheet has a
rhombohedra STM pattern which is in good agreement
with the experimental observed S2 phase [23]. The group
of bright spots in the rhombohedra unit cell corresponds to
the o orbits and p, orbits of the higher boron atoms in the
unit cell, while the other boron atoms are invisible because
they are lower.

Mannix et al. [22] and Feng et al. [23] both reported
the stripe phase for 2D boron sheets on the Ag(111) sur-
face based on their STM observations, and both the
STM images feature parallel rows of protrusions. How-
ever, the shape of the bright spots in the two experimen-
tal observations is different; they are spindle in Mannix
et al.’s report [22] and oval in Feng et al.’s [23]. Our sim-
ulated STM images of buckled triangular and B;, boron
sheets match very well with the experimental observed
stripe phases in Ref. [22] and Ref. [23], respectively, and
the images shown in Fig. 5g, h clearly reproduce the dif-
ference between the experimental observations of Man-
nix et al. [22] and Feng et al. [23]. It also provides us a
way to distinguish the two lattice of buckled triangular
and Pip. As for the STM image of X3 sheet on the
Ag(111) surface, as shown in Fig. 5i, it agrees with the
experimental observation [23], but our result indicates
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that the bright spots come from the boron atoms on the
edge of hexagonal vacancies instead of the filled triangu-
lar area as indicated in Ref. [23].

In order to further distinguish the lattice structures of
boron sheets on the Ag(111) surface, we simulated the
STM images of boron sheet on Ag(111) at several differ-
ent bias voltage. As shown in Fig. 6, the simulated STM
images for the buckled triangular borophene display
stripes of bright spots in spindle shape at positive volt-
age. But at the negative bias voltage of — 0.4 V, the simu-
lated STM images show the light and dark stripes, which
matches well with experiment result [22]. On the other
hand, the simulated STM images of i, borophene
maintain the oval shape at both the positive and negative
bias voltage. Hence, buckled triangular structure is more
likely to be the correct configuration of stripe phase. As
for the STM image of x3 borophene, Fig. 6 indicates that
the bright spots in all the images come from the boron
atoms at the edge of hexagonal vacancies, but their
bright contrast changes as the voltage changes from
positive to negative. As the bias voltage of 0.2 and -
0.4 V, the brightness of the spots are similar. Addition-
ally, our simulated STM images for the x3' configuration
look similar at bias voltage from 0.8 to — 1.0 V (Fig. 6).
They all show the bright spots coming from the boron
atoms on the edge of hexagonal vacancies, but only the

Fig. 6 Simulated STM images for boron sheets on Ag(111). Buckled triangular borophene on Ag(111) ata 0.8,e 0.2,i —04,and m — 10 V. 3;,

borophene on Ag(111) at b 0.8,f 0.2, j — 04, and n — 1.0 V. x3 borophene on Ag(111) at ¢ 08,9 0.2, k — 04, and o — 1.0 V. x3' borophene on Ag(111) at
d 08 h021-04, and p—10V.The green balls represent the boron atoms. The rectangles and rhombus enclosed by solid red lines denote the unit
cells of as-grown boron sheets on Ag(111) surface
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higher boron atoms are visible and the lower boron
atoms in the middle of the unit cell are invisible.

Conclusions

In summary, we performed first-principles calculations
on the atomic structure, stability, and electronic prop-
erty for the three 2D boron sheets which were grown on
the metal surface very recently, namely, buckled triangu-
lar, 12, and X3 lattice. Our calculations indicate that all
the three boron sheets are thermodynamically unstable
without the support of metal substrate. The band struc-
tures indicate that the buckled triangular boron sheet
behaves as a metal with strong anisotropy and f;, and
X3 boron sheets are also metallic without energy gaps.
Additionally, our results show that the energies for the
three types of lattices are very close and the lattice
match between the buckled triangular and f;, boron
sheets and Ag(111) surface is quite small. Furthermore,
we have found that both buckled triangular and (i,
boron sheets on the Ag(111) form the rectangular lattice
and the parallel striped patterns of STM image but with
little difference. Our results provide details to distinguish
the two lattices. Most importantly, our simulated STM
images give a new explanation to the experimentally ob-
served boron sheets on the Ag(111) surface.

Abbreviations
2D: Two-dimensional; 3D: Three-dimensional; STM: Scanning tunneling
microscopy
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